Abstract: We calculated the electroweak contributions to the hadronic production of a squark in association with a gluino within the Minimal Supersymmetric Standard Model (MSSM). Presented are complete next-to-leading order electroweak (NLO EW) corrections at O(α 2 s α), which include real photon and real quark radiation processes. Also considered are photon induced tree level O(α s α) contributions.
Introduction
Supersymmetry (SUSY) [1, 2] is one of the most appealing scenarios for physics beyond the Standard Model (SM). Besides the well known features such as naturalness of the mass hierarchy, the possibility of grand unification and the existence of a cold dark matter candidate, SUSY can explain, in contrast to the SM, the measured value of the anomalous magnetic moment of the muon [3, 4] and the observed cold dark matter density [5] . In particular, the minimal supersymmetric extension of the SM (MSSM) [6] [7] [8] provides a fit to precision electroweak data and B-physics observables with a χ 2 probability comparable to that of the SM [9, 10] and compatible with a light Higgs boson in a natural way.
If SUSY is an answer to the hierarchy problem then at least some of the SUSY particles have to be discovered at the Large Hadron Collider (LHC). In a recent analysis [11] it has been shown that the 95% confidence level area in the (m 0 , m 1/2 ) plane of the constrained MSSM (CMSSM) lies in the region that will be explored with 1 fb −1 of integrated luminosity at 14 TeV. Among the potential SUSY discovery channels, certainly the direct production of strongly interacting SUSY particles with their large cross sections will play a key role.
Many searches for squarks and gluinos, the SUSY partners of SM quarks and gluons, have thus been performed at high energy colliders (recent results from D0 and CDF are reported e. g. in [12] [13] [14] ). Studies for the LHC see the possibility of an early SUSY discovery with 1 fb −1 for inclusive multijet plus missing energy final states [15, 16] , provided that squark and gluino masses are not too heavy (i. e. below 2 TeV). Also complementary approaches that avoid signatures involving missing energy have been proposed [17] .
Owing to the large interest in squarks and gluinos, theoretical predictions of the leading order (LO) production cross sections were already published in the 1980's [18] [19] [20] [21] [22] . Important next-to-leading order (NLO) QCD calculations [23, 24] could reduce the dependence on factorization and renormalization scale and revealed large corrections of typically 20-30%. They can be included in analyses via the public code Prospino [25] . Only recently also NLO EW corrections were considered, for top-squark pair production in [26, 27] and for pair production of squarks of the first generations in [28] . Both processes receive further EW contributions from tree-level processes, photon induced at O(α s α) and fromannihilation at O(α 2 ) [26, [28] [29] [30] . For light flavor squarks, the tree-level QCD and EW amplitudes can interfere and give sizable contributions to the cross sections.
In this paper, we consider the associated production of squarks and gluinos and study the EW contribution. We restrict the discussion to (anti-)squarks of the first two generations, P P →gq a + X, P P →gq * a + X, q = u, d, c, s; a = L, R.
(1.1)
The production oftg is suppressed due to the vanishing parton density of top-quarks inside protons, whilebg production is suppressed by the bottom-quark parton distribution function. Furthermore, bottom-squarks (resp. their decay products) will be experimentally distinguishable from squarks of the first two generations [31] [32] [33] . The outline of our paper is as follows. In Section 2, we recall the LO cross section at the partonic and the hadronic level and introduce some basic notations. The EW contribution is discussed in detail in Section 3. In Section 4, we present numerical results for the hadronic cross sections and distributions for squark-gluino production at the LHC. Finally, a list of the Feynman diagrams and the input parameters used in the numerical analysis are given in the Appendix.
LO cross section and conventions
At hadron colliders, the LO contribution to the production of a gluino in association with an (anti)squarkq
a is QCD based and is related to the following partonic processes:
Due to CP symmetry the unpolarized cross sections of these two processes are equal; so in the following we will refer to the first partonic process only. The corresponding Feynman diagrams are shown in Fig. B .1 in Appendix B.
Since the quarks of the first two generations are treated as massless, in the case of the squarks of the first two generations weak eigenstates are also mass eigenstates and we will distinguish squarks with same flavor by means of their chiralities,q a =q L ,q R . Furthermore, the masses of the squarks of the second generation coincide with those in the first generation. We denote the mass of squarkq a by mq a , and the gluino mass by mg.
We parameterize the cross sections in terms of the following kinematical variables,
withŝ +tg /qa +ûq a/g = 0. As a notation, we introduce the convention dσ a,b X for a cross section of the partonic process X at a given order O(α a s α b ) in the strong and electroweak coupling constants.
The differential partonic cross section for the process gq →gq a ,
expressed in terms of the squared spin-and color-averaged lowest-order matrix element (Fig. B .1 in Appendix B), can be written as follows [23] , At the hadronic level, the cross section is obtained from the partonic cross section by the convolution dσ 2,0 5) where τ =ŝ/S, S (ŝ) is the hadronic (partonic) center-of-mass energy squared, and τ 0 = (mg + mq a ) 2 /S is the production threshold. The parton luminosity
contains the parton distribution functions (PDFs), where f a/A (x, µ F ) gives the probability of finding a parton a in the hadron A carrying a fraction x of the hadron's momentum at the factorization scale µ F . At the LHC, both A and B are protons.
Electroweak contributions
In contrast to squark pair and top-squark pair production [26, 28, 29] , which allow forinitial states at LO, gluino-squark final states cannot be produced at O(α 2 ). At EW NLO, gluino-squark production comprises virtual corrections and real photon radiation at
contributions arise from interference of EW and QCD real quark radiation diagrams. We also consider photon induced gluino-squark production at the tree level (Fig. B.2 of Appendix B), formally of different order, but expected to be comparable in size [26, 28] .
The complete EW contribution to the hadronic cross section is obtained from the corresponding partonic cross sections by convolution and summation as follows,
where the respective parton luminosities refer to Eq. (2.6). We will discuss all of the partonic cross sections in the following subsections. For the treatment of the Feynman diagrams and corresponding amplitudes we make use of FeynArts 3.3 [34] [35] [36] and FormCalc 5.3 with LoopTools 2.2 [37, 38] . Infrared (IR) and collinear singularities are treated using mass regularization, i. e. IR singularities are regularized by a small photon mass λ, and the masses of the light quarks are kept in collinearly singular integrals.
Virtual corrections
The first class of NLO contributions of EW origin are the virtual corrections,
where M 1 is the one-loop amplitude with EW insertions in the QCD-based gq diagrams, leading to the self energy, vertex, box, and counter term diagrams shown in the Appendix B, The explicit expressions of the counter terms and the required renormalization constants can be found in Ref. [28] . Both the quark and the squark sector require renormalization. 1 The renormalization of the quark sector is performed in the on-shell scheme as described in Ref. [39] ; squark renormalization is done in close analogy to [40, 41] . Here, in the limit of no L-R mixing, the independent parameters for a given squark isospin doublet are the masses of the two up-type squarksũ L,R and the mass of the right handed down-type squarkd R (see also the discussion in Appendix A).
Real photon radiation
To compensate IR singularities in the virtual corrections, we have to include the tree level photon bremsstrahlung process, cf. the diagrams in Fig. B .4,
The integral over the photon phase space is divergent in the soft region (k 0 3 → 0) and in the collinear region ( k 3 ·p 2 → 0). The extraction of such singularities has been performed using two methods, phase space slicing [39, 42] and dipole subtraction [43] [44] [45] [46] [47] .
In the phase space slicing approach, the phase space regions where the squared amplitude becomes singular are excluded from the numerical integration by applying a cut ∆E = δ s √ŝ /2 on the photon energy and a cut δ θ on the cosine of the angle between the photon and the quark. The integral over the singular regions can be performed analytically in the eikonal approximation.
In the soft region, we can exploit the results quoted in Ref. [39] . Written in an analogous way to [26] , the soft part of the differential cross section is
with universal factors, δ in,fin,int soft that refer to the initial state radiation, final state radiation, or interference of initial and final state radiation, respectively,
Here, e q is the electric charge of the quark and the squark, and β = 1 − m 2 qa /(k 0 2 ) 2 . In the collinear region the differential cross section reads [48, 49] 
where z 0 = (mg + mq a ) 2 /ŝ and
with the splitting function P(z) = (1 + z 2 )/(1 − z).
The basic subtraction method is to add to and subtract from the squared amplitude a function with the same behavior in the singular region but simple enough to be analytically integrated over the photon phase space. General expressions for those functions are available in literature; we use the expressions of the dipole subtraction formalism in Ref. [46] , within mass regularization. The integral over the subtracted cross section is regular and can be performed numerically. The comparison between the two methods is illustrated in Fig. 1 ; the two methods are in mutual numerical agreement.
After adding virtual and real corrections, the mass singularity related to Eq. (3.6) does not cancel and has to be absorbed into the quark parton density function (PDF) choosing a factorization scheme. This can formally be achieved by relating the lowest order PDF f a/A (x) for parton a in hadron A to the experimentally accessible distribution f a/A (x, µ F ) at NLO QED as [48, 51, 52] 
where, in the DIS factorization scheme,
The actual effect of the redefinition (3.8) is to induce an extra term in Eq. (3.1) via Eq. (2.6). This term exactly cancels the mass singularity owing to collinear photon radiation, as can be seen following the guideline of Ref. [26] .
Real quark radiation
For each production process of a gluino in association with a squarkq a of a given chirality and flavor, there are eleven (quark-quark or quark-anti-quark induced) subprocesses with an additional real quark or anti-quark in the final state: In specific SUSY scenarios, internal gauginos or squarks can be on-shell. The poles are regularized introducing the particle width in the corresponding propagator. If both EW and QCD diagrams provide intermediate on-shell squarks, the non-vanishing interference contribution corresponds to the production of a squark pair at order O(α s α) with subsequent decay of one of the two squarks,
To avoid double counting, these resonating squark contributions have to be subtracted [23] . The pole term has thereby been isolated in the narrow width approximation.
Photon induced gluino-squark production
As an independent production channel, we also consider the photon-gluon induced subclass of gluino-squark production, as shown in Fig. B.2 . Photon induced processes do not contribute at leading order at the hadronic level, owing to the non-existence of a photon distribution inside the proton. But the inclusion of NLO QED effects in the evolution of the PDFs leads to a non-zero photon density in the proton and thus to non-zero hadronic contributions. These are formally of different order than the O(α 2 s α) corrections in Eq. (3.1), but the diagrams contribute at tree level to the same final state and can be important [26, 28] .
The partonic differential cross section for the photon induced gluino-squark production reads
expressed in terms of the reduced Mandelstam variables, Eq. (2.2). Due to color conservation, photon-gluon induced partonic processes are only possible in combination with an additionally radiated quark and thus represent contributions of higher order. Since they are suppressed by the PDF of the photon compared to the bremsstrahlung processes Eq. (3.3) and Eq. (3.10), we do not include them in our discussion here.
Numerical Results
We illustrate the numerical results in terms of the SPA mSUGRA scenario SPS1a ′ [50] . The input parameters are listed in Appendix A. We present results both for the production of left-and right-handed, up-and down-type squarks separately and for the inclusive production. We have chosen a common scale for factorization and renormalization, µ F = µ R = 1 TeV. We introduce the following conventions for the discussion of the results. Table 1 : Integrated cross sections for squark-gluino production at the LHC within the SPS1a ′ scenario [50] . Shown are the leading order results, the EW contributions from the distinct channels, and the relative corrections δ, as defined in the text. All cross sections are given in fb.
• We will analyze the three different gauge invariant, IR and collinear finite subsets of the EW contributions described in the previous section. The sum of the virtual corrections and of the O(α 2 s α) contributions to real photon radiation will be labeled as "gq channel contributions". The contributions of real quark emission processes will be referred to as "qq channel contributions", the photon induced gluino-squark production processes as "γq channel contributions".
• The sum of the three channels will be labeled as "the EW contribution".
• The relative EW contribution is defined as δ = (O NLO − O LO )/O LO , where O is a generic observable and O NLO is the sum of the LO contribution (2.5) and the EW contribution.
Hadronic cross sections
We show in Table 1 the results for the hadronic cross sections for squark-gluino production at the LHC. We consider left-and right-handed, up-and down-type squark production separately. Since light quark masses are negligible, squarks of the first two generations are mass degenerate and cannot be distinguished experimentally. The cross sections for e. g.gũ L ,gc L (and by CP symmetry also forgũ * L ,gc * L ) production differ only through the parton luminosity; we present in the following always their sum, although denoted by the dominant contribution, e. g.gũ L . The last line in Table 1 contains the inclusive ('gq') results.
Being of QCD origin, the LO cross section of the partonic process gq →gq a is independent of the chirality and of the flavor of the produced squarkq a . Since all considered squark masses are of the same order (∼ 550 GeV), the LO hadronic cross sections for up-type squark production are about twice as large as the cross sections for down-type squark production. In contrast, the EW contributions depend strongly on the chirality of the squarks and, to a less extent, on the squark flavors. The MSSM is a chiral theory and for the production of right-handed squarks some of the one-loop andchannel diagrams are suppressed by the couplings. The EW contribution to all left-handed squarks, i. e. tõ gũ L andgd L production, is dominated by the (negative) gq channel contributions, and alters the LO cross section by about −2%. For right-handed squarks, i. e. forgũ R and gd R production, theand γq channels contribute at almost the same order of magnitude than the (positive) gq channel and the full EW contribution ranges at the 0.5% level.
Summing up all processes for the inclusivegq production, the gq channel corrections to right-handed squarks are negligible compared to those to left-handed squarks and the size of the relative contribution is roughly halved. Theand γq channels give both positive contributions at the permille level. The full EW contribution to gluino-squark production amounts −1% within the SPS1a ′ scenario.
Differential distributions
The interplay of the various EW contributions is illustrated in Figs. 2 and 3 forgũ L and gũ R production, respectively, where the absolute contributions from the three partonic channels are given as distributions with respect to the invariant mass M inv of the squark and the gluino, as well as the transverse momentum p T and the pseudo rapidity η of the squark. The plots for down-type squark production reveal a similar behavior and are not shown explicitly, here. In Fig. 2 , one clearly sees that for left-handed squark production the virtual and real photon corrections to the gq channel dominate the EW contributions over the whole phase space. For right-handed squark production, Fig. 3 , the situation is more involved; in particular in the central region (|η| < 1) the γq channel contribution is the leading while the other two are comparable.
Next, we consider the complete EW contribution relative to the LO result, δ. In Fig. 4 , the distributions with respect to M inv , and to p T and η of both the squark and the gluino are given, for all fourgũ L ,gd L ,gũ R ,gd R production processes. As expected, the shape of the relative corrections is similar for up-and down-type squarks of the same chirality, and also the size is comparable. For right-handed squark production, the distributions are almost flat and contribute negligibly.
For left-handed squarks, the EW contribution in the M inv distribution amounts −2% near threshold and increases up to −4% in the considered M inv range (M inv < 2500 GeV). Larger corrections arise in the p T distribution, where the EW contributions reach the −10% level for p T > 1500 GeV. The distributions with respect to p T (g) and p T (q) differ slightly because of the different contributions they receive from real photon and real quark radiation processes. In particular thechannels affect the p T of the squark more, reducing (in absolute size) the EW contribution in the high p T range.
With respect to η, the EW contribution is largest in the central region (−3% for left-handed squarks). Differences between η(g) and η(q) are related to the real emission processes, and also to the different masses of the two final particles which affect the definition of η already at the lowest order.
In order to study the behavior of the EW contribution close to the threshold we consider the distribution of the "cumulative invariant mass", defined as
In Fig. 5 the cumulative invariant mass including the EW contribution and the relative yield of the EW contribution is depicted for the case ofgũ L (left panel) andgũ R (right panel) production. For left-handed squarks, the relative EW contribution increases in absolute size as M cut inv increases. This is a clear signal that the relative yield of the EW corrections increases in high M inv region, a general feature that can also be seen in Fig. 4 . Interestingly, the situation is reversed for right-handed squarks. In absolute numbers, [%]
Figure 4:
Relative EW contribution to squark-gluino production at the LHC within the SPS1a ′ scenario. The left plots refer togũ L andgũ R production, the right plots togd L andgd R production. Shown are the invariant mass distribution (top panels), the distributions with respect to the transverse momentum (middle panels) of the gluino (dashed lines) and of the squark (solid lines), and the distributions with respect to the pseudo rapidity (bottom panels) of the gluino (dashed) and the squark (solid).
the relative EW contribution to the cumulative invariant mass decreases for increasing M cut inv : In the high invariant mass range the virtual corrections to the gq channel receive negative contributions from Sudakov-like double and single logarithms and the positive, non-logarithmically enhanced part of the amplitude is suppressed.
In experimental analyses, usually cuts on the kinematically allowed phase space of the final state particles are applied. These include lower cuts p cut T on the transverse momenta, to focus on high-p T jets, and cuts on the pseudo rapidity η cut to restrict the scattering angles to the central region in the detector. For illustration, we give in Fig. 6 the hadronic (left panels) and η cut (right panels), cf. Eq. (4.2), for up-type squark production in association with a gluino. The cuts refer to p T and η of the produced squark.
cross sections as a function of these cuts, together with the corresponding relative corrections. Since the difference of LO and NLO results are small, only the NLO hadronic cross sections are plotted. We refer to cuts on p T and η of the (up-type) squark. As argued above, results are similar for down-type squarks and for cuts on p T (g) or η(g). As we can see from the left panel of Fig. 6 , a cut on p T enlarges the relative EW contribution. The total cross section is about halved for p cut T = 300 GeV. A cut on η, see right panel of Fig. 6 , affects the EW contribution only weakly. The cross section however, falls rapidly for η cut < 3.
Finally, we consider inclusive squark-gluino production and show in Fig. 7 the differential hadronic cross sections at EW NLO (i. e. LO plus EW contribution), together with the relative corrections δ, with respect to M inv and to p T (g) and p T (q). The relative EW contribution grows in the high-M inv and high-p T range , but owing to the small corrections for right-handed squarks, it remains at the percent level only.
Dependence on squark and gluino mass
At LO, the only SUSY parameters that enter the production cross section are the masses of the final state particles. These parameters are thus crucial for the total size of the cross section and it is worth to investigate the dependence of the cross section and the EW contribution on the squark and gluino masses. To this aim, we set the independent squark masses of the first and second generation to a common value m(q), which is varied for the 'squark mass variation' and fixed (to 500 GeV) for the 'gluino mass variation'. The fourth, dependent squark mass is computed at each SUSY point according to Eq. (A.2). All other SUSY parameters are kept at their SPS1a ′ values. We give the results in Fig. 8 for the variation of the common squark mass m(q) (left) and the variation of the gluino mass (right). In the upper panels, the total cross sections including the EW contribution, and in the lower panels, the relative EW contribution are shown. Up-type squark production contributes twice as large as down-type squark production to the inclusive result. Again, this is due to the respective parton densities. The relative EW contribution to right-handed squark production can be neglected (< 0.5%) for the considered parameter points. For lefthanded squarks the corrections vary around −2% for light masses (m < 600 GeV) and grow up to −4% for squark and gluino masses at the TeV range. One observes a change in the slope of the relative corrections at the point m(g) = m(q) since the cross section depends also on the difference of the masses. If squarks are heavier than gluinos, the resonance contributions from thechannels have been subtracted as described in Sect. 3.3 and the final contributions from these channels are tiny.
As a consequence, the relative EW contribution to inclusive gluino-squark production depends only weekly on the final state masses and is rather small (≈ −1%).
Conclusions
We have computed the complete EW contribution to squark-gluino production at hadron colliders. At O(α 2 s α), the EW contributions are of NLO, including EW one-loop corrections together with real photon and real quark radiation processes. Furthermore, there are tree level contributions arising from photon induced channels at O(α s α).
We discussed in detail the EW contribution to each case of producing a left-or righthanded, up-or down-type squark in association with a gluino. Experimentally distinguishable isbg production, which has not been considered here. A numerical analysis is presented for squark-gluino production at the LHC within the SPS1a ′ scenario. The EW contribution can be sizable in distributions, in particular for left-handed squarks where the virtual O(α 2 s α) and real photon corrections dominate. We also investigated the dependence on the masses of the final state squark and gluino, which are crucial for the absolute size of the cross section. However the relative EW contribution to inclusive squark-gluino production depends only weekly on the masses and ranges at the −1% level.
Compared toq aq * a production [28] and tot 1t * 1 production [26] , the EW contribution to squark-gluino production is small. Squark pair production profits from additional tree level EW processes that give also non-zero interference contributions with the LO QCD diagrams. These O(α s α+α 2 ) channels add up to the tree level quark radiation processes of O(α 2 s α) and enhance the EW contribution. For squarks of the third generation, L-R-mixing has to be taken into account. As a consequence, both top-squark mass eigenstates are partially left-handed and the EW contribution to the (mainly right-handed)t 1 production is less suppressed than forq R production. 
whose explicit expression can be found in Appendix B of Ref. [28] , while Σq L is the self energy of the squarkq L .
The DR and OS masses of the squarks are collected in Table A. 1. For completeness, we also quote the OS mass of the gluino.
B. Feynman diagrams
We show all Feynman diagrams at the parton level for the example process g u →gũ L . The diagrams for (s)quarks of different flavor, charge, and chirality can be obtained in complete analogy. The index i runs over all six quark flavors, and a(b) over the chirality eigenstates L, R. We use a common label V to denote the three gauge bosons γ, Z, and W . The label S 0 refers to the neutral Higgs (and Goldstone) bosons h 0 , H 0 , A 0 , G 0 , and the label S ± to the charged Higgs (and Goldstone) bosons H ± , G ± . For neutralinos and charginos, we use a common index n to number the eigenstates, i. e.χ 0 n =χ 0 1,2,3,4 and
Feynman diagrams for photon-quark fusion at lowest order. 
